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The ¯uorescent dye NBD±phorbol acetate was used to visualize the activation of protein kinase C (PKC) in living Lytechinus
pictus eggs during fertilization. This dye interacts directly with PKC as determined using a competitive binding assay.
Quantitative image analysis of sequential images from laser-scanning confocal microscopy showed a signi®cant reorganiza-
tion of the signal in the vicinity of the cortical granules and the plasma membrane that began immediately following
fertilization and persisted up to 1 hr (P  0.0001). At the concentrations employed, the NBD±phorbol dye was not capable
of inducing a signi®cant translocation of the ¯uorescent signal to the membrane, nor did it appear to interfere with the
cell cycle. It therefore seems likely that the present in vivo results re¯ect the previously reported in vitro activation of
protein kinase C immediately subsequent to fertilization. Such an interpretation is parsimonious with the results of
parallel subcellular fractionation experiments using an N-terminal polyclonal antibody to sea urchin PKC which showed
a signi®cant (P 0.037) translocation of the enzyme from the cytosolic fraction to the membrane fraction 40 min subsequent
to fertilization. This study supports and extends previous in vitro data suggesting that PKC activation subsequent to
fertilization occurs at or near the egg plasma membrane, perhaps in association with arachadonic acid-rich cortical granules.
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INTRODUCTION 1995); however, G-protein and/or tyrosine kinase-mediated
activation of phospholipase C (and possibly A2) has only
been hypothesized as the cause of an IP3/Ca2/-dependentOver the last 30 years, the sea urchin egg has become an
Ca2/ mobilization (Moore et al., 1994; Moore and Kinsey,important model system for understanding the role of signal
1995). The initial Ca2/ transient has both temporal and spa-transduction events in the ®rst cell cycle (Bonnell et al.,
tial wave-like characteristics (Steinhardt, 1990a,b; Gillot et1994; Cameron and Poccia, 1994; Li et al., 1994; Johnston
al., 1989) and may contribute with diacylglycerols and/orand Sloboda, 1992; Steinhardt, 1990a,b; Baitinger et al.,
arachadonic acid to the activation of a recently cloned 72.4-1990; Ciapa et al., 1989; Gillot et al., 1989; Shen and Ricke,
kDa Ca2/-dependent protein kinase C (PKC) (Shen and1989; Hinegardner, 1975; Ohlendiek and Lennarz, 1995;
Ricke, 1989; Rakow and Shen, 1994). Other work has dem-Hagstrom and Lonning, 1973). Subsequent to fertilization,
onstrated that phorbol esters can mimic the effects of fertil-activation of the sperm receptor mediates a series of signal
ization on alkalinization of the egg (Ciapa et al., 1989). Fur-transduction processes including phospholipase activation
thermore, microinjection of PKC pseudosubstrate can atand changes in the distribution of intracellular Ca2/ stores.
least partially block the alkalinization (Shen and Buck,Subsequently, the Na//K/ antiporter is activated, which
1990). Analogous studies on Chaetopterus oocytes have alsoleads to elevation of the fertilization membrane mediated
demonstrated a role for PKC in the events subsequent toby cortical granule fusion with the plasma membrane. The
fertilization leading to germinal vesicle breakdown (Eckbergreceptor for the sea urchin spermatozoa has been cloned
and biochemically characterized (Ohlendiek and Lennarz, and Palazzo, 1992; Bloom et al., 1995; Eckberg and Carroll,
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1995; Eckberg et al., 1987; Eckberg and Szuts, 1993). Prelim- the ``membrane fraction.'' These fractions were further pu-
ri®ed on a DEAE-fast-Superose (1 ml, Pharmacia) column.inary evidence from this laboratory has demonstrated a fer-
tilization-induced change in PKC activation using ¯uores- The columns were rinsed with buffer (20 mM Tris, pH 7.5,
0.5 mM EGTA) and then active PKC was eluted with thecently labeled phorbol ester and conventional ¯uorescence
microscopy (Connor et al., 1992). Catalytic activation of same buffer containing 0.11 M KCl. Glycerol (10%, v/v) was
added to stabilize activity. Protein for each fraction wasthe calcium-dependent isozyme of PKC that is present in
relatively high amounts in sea urchin egg would require, in determined according to Smith et al. (1985). [3H]PDBU bind-
ing was determined in a buffer of 20 mM Tris, pH 7.5, 0.5addition to Ca2/, an appropriate biophysical microenviron-
ment that contains phosphatidylserine and the appropriate mM DTT, 0.5 mM EDTA, 3.6 mM CaCl2, 13 mM MgCl2,
giving a free concentration of Ca2/ after dilution of 0.1 mMlipid activator (Zidovetzki and Lester, 1992; Lester, 1992).
This condition correlates with PKC association with cellu- and excess Mg2/. This was called the reaction buffer. Reac-
tion buffer was added to the MLVs (100 mM) and mixed.lar membranes (Zidovetzki and Lester, 1992; Epand and Les-
ter, 1990; Olds et al., 1989). [3H]PDBU was added to a ®nal concentration of 20 nM. This
was called the reaction mixture. The reaction mixture wasWhile the role of protein kinase C in the ®rst cell cycle
has been demonstrated (Zhou et al., 1993; Watanabe et al., incubated for 5 min at room temperature to allow the phor-
bol ester to partition into the lipids. BSA was added to a1992; Berridge and Irvine, 1984), to date the evidence for its
fertilization-dependent activation has been from in vitro ®nal concentration of 0.5 mg/ml. An aliquot (100 ml) of
sample (either cytosol or membrane) was then added andbiochemical studies, which provide little information on
the spatial characteristics of the activation events. Here we the reaction mixture (300 ml) was incubated for 30 min at
room temperature followed by 60 min at 47C. One milliliterpresent in vivo imaging data that sea urchin PKC undergoes
a rapid and sustained translocation to the vicinity of the of a 0.1 mM Ca2/, 5 mM Mg2/, 20 mM Tris±HCl, pH 7.5,
0.5 mM DTT buffer was added to terminate the reaction.plasma membrane immediately after fertilization. Further-
more, we demonstrate the ability of laser-scanning confocal The samples were harvested on Whatman GF/C ®lters and
radioactivity was determined as previously described (Les-microscopy to quantitatively visualize PKC activation un-
der in vivo conditions. ter, 1990). Total PKC bound was determined as the amount
of [3H]PDBU bound in the absence of any unlabeled phorbol
ester. Background was determined by adding excess (10 mM)
phorbol myristate acetate to the conditions used for totalMATERIALS AND METHODS
PKC bound. Speci®c PKC bound was the difference between
total and background PKC bound.Gametes
Sea urchins, Lytechinus pictus or Strogylocentrotus pu-
Dot Blot Procedurespuratus, were obtained from Marinus, Inc. (Long Beach, CA)
and kept at, respectively, approximately 157C in a ¯ow- Membrane and cytosolic fractions were prepared as
through sea water aquarium at the Marine Biological Labo- above. Aliquots (300 ml) of each of the fractions for the
ratory (Woods Hole, MA) and 107C in an ASW aquarium at three conditions (fertilized, boiled sperm, and unfertilized
the NIH (Bethesda, MD). Gametes were isolated by intra- control) were transferred to nitrocellulose in a dot blot appa-
coelomic injection of 0.5 M KCl. For imaging experiments, ratus. After overnight blocking in TBS±BSA (1%) at 47C,
the jelly layer was removed from the eggs by two brief expo- blots were incubated with a polyclonal primary antibody
sures to sea water, pH 6.0, followed by washing in arti®cial directed against the N-terminus of a cloned sea urchin PKC,
sea water (ASW). as has been described previously (Rakow and Shen, 1994).
Blots were subsequently washed twice for 4 min with TBST
and once with TBS at room temperature and then incubatedSubcellular Distribution of [3H]PDBU Binding
with a secondary antibody (goat anti-rabbit IgG; alkaline
phosphatase conjugate) for 1 hr at room temperature. BlotsMultilamellar vesicles (MLVs; 20% phosphatidylserine:
80% phosphatidylcholine) were prepared as previously de- were washed as above and then stained with the Pierce
(Rockford, IL) alkaline phosphatase kit. Dot blots were thenscribed (Lester, 1990). [3H]phorbol dibutyrate ([3H]PDBU) (20
nM) was added to MLVs (100 mM) in buffer (20 mM Tris, scanned and analyzed using the M1 (Imaging Research, St.
Catherines ONT) software package.pH 7.5, 0.1 mM free CaCl2, 2 mM MgCl2, 0.5 mM DTT).
Eggs incubated for 40 min with sperm, boiled sperm, or
unfertilized eggs were homogenized in the homogenization
Competitive Phorbol Ester Binding Assaysbuffer (20 mM Tris, pH 7.5, 0.1 mM free CaCl2, 2 mM
MgCl2, 0.5 mM DTT). The sample was then centrifuged at NBD±phorbol acetate was tested for its ability to com-
pete with [3H]phorbol dibutyrate (Amersham UK, 20 mCi/100,000g at 47C for 1 hr and the supernatant, the ``cytosolic
fraction,'' was kept at 47C. The pellet was resuspended in mmol). The ¯uorescent phorbol ester was added at the con-
centrations indicated and allowed 10 min to reach equilib-500 ml of homogenization buffer containing 0.5% Triton X-
100 and incubated at 47C for 45 min. This pellet was then rium with respect to partitioning into the vesicles. The reac-
tion was begun by adding puri®ed rat brain PKC (50 ng) andcentrifuged as above and the supernatant was designated
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incubating the mixture for 30 min at room temperature,
followed by 30 min at 47C. [3H]PDBU binding was then done
as described in the subcellular fractionation experiments.
Fluorescent Probes and Labeling Procedures
The ¯uorescent probe, 12-a-(12-N-methyl-N-(7-nitroben-
zyl-2-oxa-1,3-diazol-4-yl)-amino))dodeconoyl phorbol 13 bac-
etate (NBD±phorbol ester; Molecular Probes, OR) was em-
ployed on the basis of its previously reported speci®city
for PKC and lipid solubility (Connor et al., 1992). A stock
solution of NBD±phorbol ester (12.8 mM) was prepared in
DMSO. This stock solution was stored in the dark at0207C
until use. For standard labeling, 9.8 ml of stock solution was
added to 1 ml of a suspension of eggs in ASW and allowed
to incubate for 30 min at 0157C. In some of the validation
experiments, the incubation time or the concentration of
label was the dependent variable. Eggs were then subjected
to gentle centrifugation using a hand centrifuge and then
resuspended in sea water. Labeled eggs were washed in this
manner three times before fertilization and observation pro-
cedures. Activation of eggs was induced by the dilution of
dried sperm into ASW as previously described (Cameron
FIG. 1. Schematic illustration of image analysis procedures used
and Poccia, 1994; Johnston and Sloboda, 1992; Steinhardt, to assess fertilization-dependent shifts in the NBD±phorbol ester
1990a; Hinegardner, 1975). signal. The image transept bar was placed over a diameter of the
egg as shown. The thickness of the bar was chosen arbitrarily to
be equivalent to the egg nucleus if it was visible. If the nucleusConfocal Microscopy
was not visible, bar thickness was chosen to be 1/10 cell diameter.
The computer imaging system averaged the pixels across the thick-L. pictus eggs were visualized on a Zeiss inverted laser
ness of the transept bar and reported them as a graph of pixel inten-confocal microscope system using a 20X (1.30 N. A. Neo-
sity (PI; y-axis) versus position (x-axis). The borders of the egg were¯uar) objective immediately after sperm activation. Eight-
arbitrarily de®ned by perpendicular segments to the half maximalsecond excitation scans of the ¯uorescent probes were ac-
heights of the PI graph to the right and left. The total length of thecomplished via an external 488-nm ArKr laser with a BS568
cell (TL) was de®ned by a line segment between these two borders
line ®lter to create confocal images which were transferred and the average of the PI graph along TL was de®ned as the total
to an imaging system (see below). Simultaneous scanning signal (TS). The membrane locale (ML) was de®ned as a region 1/
using the internal HeNe red 647-nm laser line was used to 15 of TL along each border. The membrane signal (MS) was de®ned
produce bright-®eld images of the eggs. These bright-®eld as the average of the PI for the left and right MLs. The percentage
of membrane locale label (%Z) was then de®ned by equation 1 (seeimages were used to assess the state of the egg (health sta-
text) in terms of the above parameters so that it varied between 0tus, fertilization envelope, etc.) for each time point. Gener-
(when the signal was homogenously distributed throughout theally eggs were imaged 30 sec after the addition of sperm
egg) and 100 (when all of the signal was contained within the rightevery minute for the ®rst 5 min of the experiment and
and left MLs).subsequently every 5 min for the duration of the experi-
ment. No signi®cant bleaching of the probe was observed
over the course of the observations.
in the confocal section. Otherwise, the transept bar was
placed arbitrarily perpendicular to the y-axis of the image.
Image Analysis This image analysis protocol is illustrated schematically in
Fig. 1. The imaging system was then used to determine theImages from the Zeiss laser confocal system were trans-
ferred over the Internet to an M1 imaging system (Imaging average pixel intensity (PI) across the width of the transept
bar between the left half-height of the ®rst left peak andResearch, St. Catherines ONT). In order to standardize im-
age analysis, computer-generated transept bars were then the right half-height of the ®rst right peak. The ®rst and
last x-axis position corresponding to the average PI wereplaced over the confocal egg image across a diameter (if the
cell was spherical) or the major axis (if the cell was elliptical) subsequently selected. These points de®ned the egg's bor-
ders and the distance between them was de®ned as the totalwith a thickness equal to that of the nucleus (approximately
10 mm). If the nucleus was not visible in the confocal sec- length (TL). The membrane locale (ML) was arbitrarily de-
®ned as 1/15 of TL, and the external borders of the lefttion, the transept bar thickness was adjusted to 1/10 the
cell diameter. The position of the transept bar was set to and right MLs correspond to the left and right egg borders,
respectively (see Fig. 1). The total signal (TS) was de®nedpass directly through the nucleus, if the nucleus was visible
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and the results are shown in Fig. 3. The increase in %Z as a
function of NBD±phorbol ester concentration was sigmoidal
and showed an EC50 similar to the [3H]PDBU dissociation
values. Thus, for subsequent fertilization experiments an
NBD±phorbol ester concentration of 25 nM was used.
Fluorescent Imaging Experiments
L. pictus eggs (N  6) were imaged using NBD±phorbol
ester subsequent to fertilization as described under Materi-
als and Methods. A typical sequence of images from such
a fertilization is shown in Figs. 4a±4f. Corresponding bright-
®eld images clearly show both the general intact status of
the eggs and the elevation of the fertilization envelope (Fig.
4, insets). Quanti®cation of the TS for fertilized eggs showed
FIG. 2. Competition of NBD±phorbol ester and cold PDBU no signi®cant changes over the course of the experiment.
against the binding of [3H]PDBU to puri®ed rat PKC. Graph shows In contrast, a graph of %Z vs time following fertilization
the effect of adding various concentrations of the NBD-labeled (Figs. 5a and 5b) showed a close ®t to an exponential func-
phorbol ester or PDBU on the binding of [3H]PDBU to puri®ed rat
tion (t1/2  23.3 min, r  0.92). The %Z at 40 min subse-PKC. The inhibition curves show EC50s that demonstrate a slightly
quent to fertilization was compared to the %Z in unfertil-higher af®nity of the ¯uorescent probe for PKC (KI  8 nM) than
ized control eggs (46.14 { 4.9 vs 4.23 { 1.42, respectively;PDBU itself (KI  20 nM).
N  7; P  0.0001, unpaired t test).
Some eggs were followed through the second cell cycle
and manifested a general decrease in ¯uorescent signal (data
not shown). The fact that loaded cells went on to divideas the PI within the egg borders and the membrane signal
and produce apparently viable embryos suggests that the(MS) was de®ned as the average of the PI for the left and
right MLs. The percentage of membrane locale label (%Z)
was then de®ned by
%Z  K (MS 0 TS)/MS, [1]
so that %Z  0 when MS  TS and %Z  100 when the
entire signal was within the con®nes of the membrane vi-
cinity (as de®ned by ML). The annulus constant, K, ac-
counted for the fact that the membrane signal (an annulus),
MS, was a subset of TS.
Statistical Analysis
Statistical analyses were carried out using the SYSTAT
package (SAS Inc.; Evanston IL).
FIG. 3. Graph of phorbol ester label translocation (%Z) and total
signal (TS) as a function of NBD±phorbol ester in unfertilized L.RESULTS pictus eggs. The left y-axis shows TS calculated according to the
method illustrated in Fig. 1 and reported as an optical density.
The right y-axis shows %Z calculated according to the methodFluorescent Probe Validation Experiments illustrated in Fig. 1. As can be seen, increasing concentrations of
the NBD±phorbol ester probe cause a monotonic increase in TSThe NBD±phorbol ester probe showed the ability to bind
in combination with a sigmoidal increase in %Z. The sigmoidal
to PKC in the 5±30 nM range as assessed by its ability to increase in %Z was used to choose a working concentration for
displace [3H]phorbol 12, 13, dibutyrate binding to puri®ed the molecular probe in fertilization experiments. At 25 nM, only
rat PKC (Fig. 2). about 5% of the signal was associated with the membrane locale.
Image analysis of %Z as a function of concentration of the Thus any further increase in %Z could only be attributed to physio-
logical changes within the egg and not to the molecular probe itself.molecular probe was performed on unfertilized L. pictus eggs
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FIG. 4. (A±F) Time series of confocal images of three L. pictus eggs subsequent to fertilization showing the long lasting shift in the
NBD±phorbol ester signal to the membrane locale. Inset shows bright-®eld images of A and F and demonstrates the physical integrity of
the eggs over the course of the experiment. Scale bar, 110 mm. The time points are: (A) before sperm addition; (B) /30 sec, (C) /10 min;
(D) /20 min; (E) /40 min; (F) /130 min.
phorbol ester probe was not toxic at the concentrations em- fertilization could be detected using an independent method-
ology. The results of both [3H]PDBU and N-terminal antibodyployed here.
dot blot experiments were similar. Both techniques demon-
Con®rmation of the Fluorescent Experiments: strated either a trend or a statistically signi®cant net move-
Subcellular PKC Distribution Subsequent ment of either radioactive phorbol ester label or immunoreac-
to Fertilization tivity from the cytosolic fraction to the membrane fraction
in eggs incubated with sperm for 40 min compared to eitherIn vitro subcellular fractionation experiments were con-
ducted to determine if a translocation of PKC subsequent to eggs incubated with boiled sperm for 40 min or control eggs
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FIG. 5. (A) Graph of %Z as a function of observation time for six L. pictus eggs subsequent to fertilization. The eggs were observed
under a Zeiss laser-confocal system and images were obtained as exempli®ed in Fig. 4. Bright-®eld images were also obtained simultaneously
as detailed under Materials and Methods. %Z was subsequently calculated for each image according to the method schematized in Fig.
1. (B) Normalized graph of A to allow for best-®t procedure. Here the data from each of the fertilized eggs were normalized to zero (for
the starting point of the fertilization-induced translocation) on the y-axis in order to analyze the process kinetics. An exponential function
with a t1/2 of approximately 23 min yielded a best ®t with a correlation coef®cient of 0.92.
(for the dot blots a two-way ANOVA followed by post hoc cent phorbol ester probe to the vicinity of the cortical gran-
ules and plasma membrane after fertilization in sea urchinhypothesis tests showed that the ratio of cytosolic to mem-
brane fraction was signi®cantly decreased; F  4.065, P  eggs. The phenomenon was statistically signi®cant and uni-
formly reproducible. The increase in %Z reached half maxi-0.038). These experiments are summarized in Table 1.
mal levels approximately 20 min postfertilization, which
corresponds to a point midway through the ®rst cell cycleDISCUSSION
(Steinhardt, 1990a,b; Hinegardner, 1975). It is possible toThe primary ®nding of the present work was a sustained
interpret these results as a change in the distribution of thereorganization and subsequent translocation of the ¯uores-
label as a result of the movement of PKC from the cytosol
to the vicinity of the plasma membrane because (1) the
¯uorescent phorbol esters bind to puri®ed PKC with high
TABLE 1 af®nity (kDa  10 nM); (2) the concentration of ¯uorescent
Subcellular Fractionation of Sea Urchin PKC in S. Purpuratus phorbol ester was not suf®cient to fully activate PKC; and
(3) [3H]PDBU binding and dot blots using the polyclonalCondition RODa DPMb
antibody against the N-terminus of sea urchin PKC both
Control: cytosol 0.40 { 0.08 22,769 { 1907 manifested an increase in both label and immunoreactivity
Control: membrane 0.22 { 0.01 22,806 { 1543 associated with the membrane fraction 40 min after fertil-
ization compared with control eggs.Ratio (cytosol/membrane) 1.82 1.00
While a speci®c role for this fertilization-induced translo-
Boiled sperm control: cytosol 0.71 { 0.03 22,557 { 2509 cation of ¯uorescently labeled phorbol ester remains to be
Boiled sperm control: membrane 0.39 { 0.02 25,313 { 1948 elucidated, it is reasonable to hypothesize that it represents
Ratio (cytosol/membrane) 1.82 0.89 some dynamic change in the activation of PKC. Thus, it
might be that phosphorylation of serine and threonine
Fertilized: cytosol 0.32 { 0.02* 16,797 { 2243
amino acid residues on PKC protein substrates plays a cru-Fertilized: membrane 0.22 { 0.01* 23,955 { 2225
cial role in the events subsequent to fertilization. One such
Ratio (cytosol/membrane) 1.45 0.70 possible substrate is the Na//K/ antiporter. However, the
time course of the label translocation far outlasts the kinet-a Relative optical density reading from an M1 imaging system.
ics of transporter activation. Therefore, another more rele-b Disintegrations per minute.
vant substrate for PKC might be the catalytic subunit for* A two-way MANOVA showed a signi®cant interaction be-
MPF which Eckberg and colleagues have shown to be phos-tween condition (control, boiled sperm control, fertilized) and frac-
tion (cytosol or membrane): P  0.037, F  4.065. phorylated by PKC subsequent to activation in Chaetopt-
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FIG. 6. A schematic diagram illustrating several putative roles for PKC might be involved in the events subsequent to fertilization of
the sea urchin egg. In the diagram, the sperm interacts with a G-protein-linked sperm receptor to activate phospholipase C and phospholi-
pase A2, resulting in an increase in diacylglycerol and arachadonic acids (AA) along with an IP3- and ryanodine-receptor-dependent
mobilization of Ca2/. These factors act synergistically (perhaps with AA from the cortical granules) to maximally activate protein kinase
C. Activation of PKC results in phosphorylation of serine and/or threonine residues on the following effectors: the Na/-proton antiporter,
the GTP-binding proteins cp20 and dynamin, and MPF, resulting in a coordinated progression out of G2 arrest and into mitosis.
erus oocytes (Eckberg and Palazzo, 1992; Bloom et al., 1995; membrane. This localization of the activation may be im-
portant in light of the very high content of arachadonic acidEckberg and Carroll, 1995; Eckberg et al., 1987; Eckberg and
Szuts, 1993). An additional substrate may be the G-protein, in the cortical granule membranes (Detering et al., 1977).
Arachadonic acid has been shown to be a potent activatordynamin, which has been shown to play a major role in the
endocytic pathway of secretory vesicles (Robinson et al., of PKC, acting in synergy with diacylglycerol (see Lester,
1992). Thus, PKC may, via its translocation to this milieu,1994). This protein has been shown to be associated with
vesicles and subsequently supports the change in localiza- undergo a sustained activation, qualitatively similar to the
constitutive activation seen in other contexts such as learn-tion of PKC in this present study. Finally, we have recently
demonstrated the presence of the small GTP-binding pro- ing and memory (Olds et al., 1989).
tein kinase C substrate, cp20, in both S. purpuratus eggs
using isoelectric focusing (Nelson et al., personal communi-
cation). A schematic diagram of how fertilization induced ACKNOWLEDGMENTS
PKC activation might affect the ®rst cell cycle is shown in
Fig. 6. We extend our grateful appreciation to Drs. D. Poccia, C. Sardet,
The present in vivo translocation of NBD±phorbol probe W. Eckberg, A. Miller, R. Palazzo, and the late Mr. P. Presley for
to the vicinity of the egg plasma membrane subsequent to useful discussions. Additionally, we thank Dr. S. Shen for his gener-
fertilization is likely to represent a reorganization of protein ous gift of the antibody to sea urchin PKC.
kinase C localization. The use of a ratio of ¯uorescence
associated with the MS compared to the TS for the egg
allowed a quanti®cation of the translocation that was inde- REFERENCES
pendent of between-egg differences in the amount of quan-
tum ¯uorescence yield in the NBD probe. The present re- Baitinger, C., Alderton, J., Poenie, M., Schulman, H., and
sults extend our own and other's observations by demon- Steinhardt, R. A. (1990). Multifunctional Ca2//calmodulin-de-
strating that the operational ``membrane association'' of pendent protein kinase is necessary for nuclear envelope break-
PKC in the test tube represents an in vivo association of the down. J. Cell Biol. 111, 1763±1773.
Berridge, M. J., and Irvine, R. F. (1984). Inositol trisphosphate, aenzyme with the area of the cortical granules and plasma
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4450$8060 10-30-95 23:58:19 dbal Dev Bio
682 Olds et al.
novel second messenger in cellular signal transduction. Nature (D. S. Lester and R. M. Epand, Eds.), pp. 80±101. Ellis Horwood,
Chichester.312, 315±321.
Li, J. M., Parsons, R. A., and Marzluff, W. F. (1994). TranscriptionBloom, T. L., Szuts, E. Z., and Eckberg, W. R. (1995). Inositol tris-
of the sea urchin U6 gene in vitro requires a TATA-like box, aphosphate, inisitol phospholipid metabolism, and germinal vesi-
proximal sequence element, and sea urchin USF, which binds ancle breakdown in surf clam oocytes. Dev. Biol. 129, 532±540.
essential E box. Mol. Cell. Biol. 14, 2191±2200.Bonnell, B. S., Keller, S. H., Vacquier, V. D., and Chandler, D. E.
Moore, G. D., Ayabe, T., Visconte, P. E., Schultz, R. M., and Kopf,(1994). The sea urchin egg jelly coat consists of globular glycopro-
G. S. (1994). Role of heterotrimeric and monomeric G-proteinsteins bound to a ®brous fucan superstructure. Dev. Biol. 162,
in sperm induced activation of mouse eggs. Development 120,313±324.
3313±3323.Cameron, L. A., and Poccia, D. L. (1994). In vitro development of
Moore, K. L., and Kinsey, W. H. (1995). Effects of protein tyrosinethe sea urchin male pronucleus. Dev. Biol. 162, 568±578.
kinase inhibitors on egg activation and fertilization-dependentCiapa, B., Allemand, D., and Payan, P. (1989). Effect of the phorbol
protein tyrosine kinase activity. Dev. Biol. 168, 1±10.ester 12-O-tetradecanoylphorbol-13-acetate (TTPA) upon mem-
Nelson, T. J., Olds, J. L., Kim, J., and Alkon, D. L. Activation ofbrane ionic exchanges in sea urchin eggs. Exp. Cell Res. 185,
DNA transcription in neuronal cells by an ARF-like GTP-binding407±418.
protein. Personal Communication.Connor, J. H., Olds, J. L., Lester, D. S., McPhie, D. L., Senft, S. L.,
Ohlendiek, K., and Lennarz, W. J. (1995). Role of the sea urchin eggJohnston, J. A., and Alkon, D. L. (1992). Heterogenous distribu-
receptor for sperm in gamete interactions. Trends Biochem. Sci.tion of ¯uorescent phorbol ester signal in living sea urchin em-
20, 29±33.bryos. Biol. Bull. 183, 365±366.
Olds, J. L., Anderson, M. L., McPhie, D. L., Staten, L. D., and Alkon,Detering, N. K., Decker, G. L., Schmell, E. D., and Lennarz,
D. L. (1989). Imaging of memory-speci®c changes in the distribu-W. J. (1977). Isolation and characterization of plasma membrane-
tion of protein kinase C in the hippocampus. Science 245, 866±associated cortical granules from sea urchin eggs. J. Cell Biol. 75,
869.899±914.
Rakow, T. L., and Shen, S. S. (1994). Molecular-cloning and charac-
Eckberg, W. R., and Carroll, A. G. (1995). Evidence for involvement
terization of protein kinase C from the sea-urchin Lytechinus-
of protein kinase C in germinal vesicle breakdown in Chaetopt-
pictus. Dev. Growth Differ. 36, 489±497.
erus. Dev. Growth and Differ. 29, 489±496. Robinson, P. J., Liu, J. P., Powell, K. A., Fykse, E. M., and Sudhof,
Eckberg, W. R., and Palazzo, R. E. (1992). Regulation of M-phase T. C. (1994). Phosphorylation of dynamin I and synaptic-vesicle
progression in Chaetopterus oocytes by protein kinase C. Dev. recycling. Trends Neurosci. 17, 348±353.
Biol. 149, 395±405. Shen, S., and Buck, W. (1990). A synthetic peptide of the pseudosub-
Eckberg, W. R., and Szuts, E. Z. (1993). Diacylglycerol content of strate domain of protein kinase C blocks cytoplasmic alkaniza-
Chaetopterus oocytes during maturation and fertilization. Dev. tion during activation of the sea urchin egg. Dev. Biol. 140, 272±
Biol. 159, 732±735. 280.
Eckberg, W. R., Szuts, E. Z., and Carroll, A. G. (1987). Protein Shen, S. S., and Ricke, L. A. (1989). Protein kinase C from sea
kinase C activity, protein phosphorylation, and germinal vesicle urchin eggs. Comp. Biochem. Physiol. [B] 92, 251±254.
breakdown in Spisula oocytes. Dev. Biol. 124, 57±64. Smith, P. K., Krohn, R. I., Hermason, G. T., Mallia, A. K., Gartner,
Epand, R. M., and Lester, D. S. (1990). The role of membrane bio- F. H., Provezano, M. D., Fujimoto, E. K., Goeke, N. M., Olson,
physical properties in the regulation of protein kinase C activity. B. J., and Klenk, D. C. (1985). Measurement of protein using
Trends Pharmacol. Sci. 11, 317±320. bincinchoninic acid. Biochemistry 150, 76±85.
Gillot, I., Ciapa, B., Payan, P., De Renzis, G., Nicaise, G., and Sar- Steinhardt, R. A. (1990a). Calcium regulation of the ®rst cell cycle
det, C. (1989). Quantitative X-ray microanalysis of calcium in of the sea urchin embryo. Ann. N. Y. Acad. Sci. 582, 199±206.
sea urchin eggs after quick-freezing and freeze-substitution. Va- Steinhardt, R. A. (1990b). Intracellular free calcium and the ®rst
lidity of the method. Histochemistry 92, 523±529. cell cycle of the sea-urchin embryo (Lytechinus pictus). J. Reprod.
Fertil. 42 (Suppl.), 191±197.Hagstrom, B. E., and Lonning, S. (1973). The sea urchin egg as a
Watanabe, T., Ono, Y., Taniyama, Y., Hazama, K., Igarashi, K.,testing object in toxicology. Acta Pharm. Tox. 32, 7±49 [Ab-
Ogita, K., Kikkawa, U., and Nishizuka, Y. (1992). Cell divisionstract].
arrest induced by phorbol ester in CHO cells overexpressing pro-Hinegardner, R. (1975). Care and handling of sea urchin eggs, em-
tein kinase C-delta subspecies. Proc. Natl. Acad. Sci. USA 89,bryos, and adults (principally North American species). In ``The
10159±10163.Sea Urchin Embryo'' (G. Czihak, Ed.), pp. 10±22. Springer±Ver-
Zhou, W., Takuwa, N., Kumada, M., and Takuwa, Y. (1993). Proteinlag, Berlin.
kinase C-mediated bidirectional regulation of DNA synthesis, RBJohnston, J. A., and Sloboda, R. D. (1992). A 62-kD protein required
protein phosphorylation, and cyclin-dependent kinases in humanfor mitotic progression is associated with the mitotic apparatus
vascular endothelial cells. J. Biol. Chem. 268, 23041±23048.during M-phase and with the nucleus during interphase. J. Cell
Zidovetzki, R., and Lester, D. S. (1992). The mechanism of activa-Biol. 119, 843±854.
tion of protein kinase C: A biophysical perspective. Biochim.Lester, D. S. (1990). In vitro linoleic acid activation of protein ki-
Biophys. Acta 1134, 261±272.nase C. Biochim. Biophys. Acta 1054, 297±303.
Lester, D. S. (1992). Membrane-associated protein kinase C. In Received for publication May 2, 1995
Accepted September 15, 1995``Protein Kinase C: Current Concepts and Future Perspectives''
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4450$8060 10-30-95 23:58:19 dbal Dev Bio
